Studies on normal human reticulocytes have been limited by a lack of methods for effective reticulocyte enrichment. This study shows a convenient new approach for selective enrichment of reticulocytes from normal blood samples. We have developed a modified arabinogalactan density gradient that contains high potassium levels, approximating the internal cation composition of red blood cells (RBC). The low-density populations from this gradient are enriched in reticulocytes, and the highly selected lowest density fraction shows a much higher reticulocyte enrichment than that obtained with high sodium chloride arabinogalactan density gradients, or other previously reported density gradient methods. We found TUDIES ON human reticulocytes, which constitute S approximately 0.5% to 1.5% of red blood cells (RBCs) in normal adult individuals, have been limited by the difficulty of isolating pure populations from normal blood. Since the observation by Key1 in 1921 that reticulocytes are more bouyant than erythrocytes, many studies have used both density-based and cell size-based separation methods to prepare reticulocyte enriched fractions. Centrifugation of peripheral blood on density gradients of bovine serum albumin* and arabin~galactan~ under isopycnic equilibrium conditions, and sedimentation velocity separations using phthalate esters: Ficoll: Renografin,6 Percoll,7 combined Percoll-Renografin6 and Percoll-arabin~galactan~ have been used both for erythrocyte separation and reticulocyte enrichment. In some studies, highly purified populations of reticulocytes have been obtained from patients with hemolytic anemia whose whole blood reticulocyte counts may average 15% to 20%. When used to separate normal human blood, however, these methods produced maximal reticulocyte enrichment of only 5% to 20% reticulocytes. Because of the relatively poor resolution of reticulocytes on density gradients, other isolation techniques have been developed to separate reticulocytes from erythrocytes based on their differing surface characteristics. In one study that used differential lectin-mediated agglutination of erythrocytes, a 14-fold enrichment of reticulocytes from a normal blood sample was reported.1° Affinity chromatography on transferrin-sepharose" and immunomagnetic separation using a monoclonal antibody to the transferrin receptor12 resulted in preparations from normal individuals with reticulocyte counts between 23% to 35% and 98% to loo%, respectively.
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Here we describe a rapid, simple method for density separation of normal human blood on discontinuous arabinogalactan gradients that results in selective enrichment of reticulocytes. This method is based on the differential bouyant density of reticulocytes in an isotonic highpotassium (K) medium that approximates the internal cation content of human RBCs. We hypothesized that chloride (C1)-dependent K loss from reticulocytes might alter their hydration state during density gradient separation. By suppressing K loss, we obtained highly selected low-density RBC populations from high-K gradients that that this improved isolation is caused by suppression of potassium loss and reticulocyte dehydration via chloride (KCI) cotransport. When the low-density fraction of RBC from a high-potassium gradient was subsequently incubated in high sodium chloride medium and reseparated oli a sodium chloride density gradient, the reticulocytes dehydrated and were recovered in high-density fractions. The highestdensity fractions from this secondary gradient yield 95% to 99% reticulocytes. We anticipate that this method will benefit investigators who require reticulocyte enriched populations for a wide variety of applications.
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have reticulocyte counts exceeding those previously reported for other density gradient methods. Subsequent incubation and secondary separation of these fractions in high-sodium (Na) chloride medium yields reticulocyte enrichment comparable to that attained by affinity-isolation techniques. Arabinogalactan density gmdienrs. Arabinogalactan (Stractan 11) was decolorized using magnesium oxideIs and activated charcoal and purified according to Corash? For initial experiments at pH 7.4, stock arabinogalactan solutions were prepared that, based on available water, contained HEPES (20 mmollL), MgC12 (1 mmol/L), NaH2P04 (1 mmol/L), glucose (IO mmollL), EGTA (0.5 mmol/L), adenine (2 mmollL), inosine, (12 mmollL), penicillin (100 UlmL), streptomycin (100 pglmL). NaCl gradients contained KCI (IO mmollL), NaCl (114 mmollL), and KCI gradients contained NaCl (12 mmol/L), KCI (115 mmollL) added to the stock solution. The pH was adjusted to 7.4, and the osmolality to 290 mOsm using a vapor pressure osmometer (Model 5100 C; Wescor Inc, Logan, UT). For subsequent experiments, NaNO3 and NaCl gradients contained PIPES, pH 6.8 (20 mmollL). glucose (IO mmollL), adenine (2 mmollL), inosine (12 mmollL), ouabain (0.2 mmollL), piretanide (0.1 mmol/L), and either NaNO3 (165 mmollL) or NaCl (150 mmol/L). The pH was adjusted to 6.8 and the osmolality to 290 mOsm. Discontinuous gradients were prepared by dilution of stock Stractan with isosmolar buffers of the same composition, using nine layers ranging in equal steps from 1.083 to 1.124 glmL density. These were layered in 17 mL tubes onto a cushion of at least 1.133 glmL density. The gradients were centrifuged in a swinging bucket rotor in an ultracentrifuge (Beckman W-50) for 45 minutes at 74,oOg at 20°C. The separated cells were collected from the gradient interfaces using a Pasteur pipet, duringwhich the walls of the tube were washed with buffer to avoid contamination of subsequent layers. The separated cells were washed three times to remove residual Stractan and were resuspended to a defined volume.
RBCs and mticulqte density dishburion. RBC distribution in the density gradient was determined by counting the cells in each gradient population with an electronic cell counter (Model Zel; Cellulose filtered whole blood from three subjects was separated on NaCl and KCI gradients as shown in Fig 1. Fractions correspond to Hemoglobin A,cmea.w"nts.
The relative amount of hemoglobin AI, in each gradient fraction was measured by ion exchange high-performance liquid chromatography (DIAMAT Fully Automated Hemoglobin Analyzer System; Bio Rad, Hercules, CA).
RESULTS
We hypothesized that the CI-dependent K loss from reticulocytes might alter their density during density gradient centrifugation, resulting in less than optimal reticulocyte separation under conditions most commonly used. In an effort to enhance reticulocyte separation, we tested the effect of various factors that influence the activity of CI-dependent transport. Activation of the transport by reduced PH,~-*' and suppression of the transport by reducing the transmembrane Kgradient and substituting NO, for CI were investigated?* Efect of gradient composition on RBC and reticulocyte distribution. Comparison of the density distribution of total RBCs on high-K and high-Na gradients showed that the major difference was an increase in the proportion of cells in the two lowest density layers of the high-K gradient (Fig 1) . When the reticulocyte distributions in gradient populations were determined, it was found that these two least dense populations from the high-K gradient were markedly enriched in reticulocytes (Table 1 ). In contrast, reticulocytes had a much broader distribution on high-Na gradients and did not show such remarkable enrichment in the lowest-density populations.
Fig2
Reseparationofthetwo towest-density cell popul.tiom from a KCi density gradient, showing that dehydration in high-No medium is CI-dependent. Filtered RBCI were initially separated on KCI gradients, and the lowest density (A) and next lowest density (B) populations ware isolated, divided into 3 parts and incubated for 1 hour (37°C) in KCI, pH 7.4, NaNOr pH 6.8, and NaCI, pH 6.8 media. They wemthen recentrifuged on gradients prepared with the same ionic composition of the incubation media, as indicated. Note that density increase caused by cell dehydration occurred only in the NaCl medium. If the presence of higher-density reticulocytes on high-Na gradients were caused by CI-dependent K loss via the KCI cotransport pathway, it should be accentuated by reducing the pH of the NaCl medium to 6.8, the pH optimum for activation of this pathway in cells containing HbC." As expected, incubation and separation of the cells in high-Na medium at pH 6.8 did result in even greater increase and broadening of reticulocyte density (data not shown).
Effect of transient exposure to low pH in ACD anticoagulant. Having found that separation in high-Na medium at low pH resulted in reticulocyte dehydration, we asked whether transient exposure to low pH of blood samples drawn into ACD anticoagulant would affect reticulocyte distribution during subscqucnt density separation on high-K gradients at pH 7.4. Parallel samples were drawn into ACD (final pH 6.4 to 6.7) and EDTA and were then immediately separated on KCI gradients at pH 7.4. A perceptible shift to higher density was observed in the ACD sample, and the percentages of reticulocytes in the lowest-density layers were reduced (data not shown). When the ACD was adjusted to pH 7.4 before adding the blood, the subsequent density and reticulocyte distribution was identical to that of thc EDTA sample. This indicated that it was exposure to low pH, not the effect of an ACD component, that influenced the density distribution. All of the data presented in this report were obtained using samples drawn into EDTA. Reticulocyte distribution in cells from one subject that were isolated from low-density fractions of a KCI gradient, incubated in high-NaCI medium, pH 6.8, and reseparated on NaCl gradients. Layers A and B denote the lowest and next lowest density fractions from the original KCI gradient separation. Layers 1 to 9 represent populations recovered from the secondary NaCl gradients. Data presented are percent reticulocytes quantitated by manual counts of 1,000 New Methylene Blue stained cells from each fraction.
Chloride dependence of reticulocyte dehydration in high-Na medium. To further verify that the improved separation of reticulocytes on high-K gradients was caused by suppression of C1-dependent K loss, the effect of C1 substitution by NO3 was tested (Fig 2) . When low-density cells obtained from a high-K gradient were incubated and recentrifuged on a NaN03 gradient at pH 6.8, they returned to the same density as those reseparated on a high-K gradient at pH 7.4. In contrast, a parallel sample reseparated on a NaCl gradient, pH 6.8, yielded a markedly broadened density distribution attributable to cellular dehydration. Quantitation of reticulocytes in each of the density fractions showed that it was the reticulocytes that became dehydrated, thus concentrating in the most dense fractions of the NaCl gradient ( Table 2) .
Reticulocyte maturation and KCl cotranspot? activity. Next, we asked whether the level of KCl cotransport activity was correlated with two indices of reticulocyte maturation: RNA content and expression of the transferrin receptor. To address this question, a reticulocyte enriched fraction from the high-K gradient was reseparated on a NaCl gradient, pH 6.8. The lowest, highest and an intermediate density fraction were stained with ethidium bromide and monoclonal antitransferrin receptor IgG, and two-color-fluorescence analysis was performed by flow cytometry (Fig 3) . The lowest-density fraction was enriched in mature RBCs (22% reticulocytes) with a small percentage (7.2%) of cells staining positive for the transferrin receptor (Fig 3B) . The intermediate fraction contained a higher percentage of reticulocytes, and a greater proportion of reticulocytes bearing the transferrin receptor (Fig 3C) . The cells having the most active transport activity, isolated in the highestdensity fraction of the chloride gradient (Fig 3D) are a nearly pure fraction of reticulocytes (96.0%). A significant percentage (39%) stained positively for transferrin receptor. Moreover, these reticulocytes stained more intensly for RNA and the transferrin receptor, suggesting that this fraction is enriched in the youngest circulating reticulocytes. These results indicate that the least mature reticulocytes are those that become most dehydrated via C1-dependent K loss.
Age-related markers in fractions from high K+ gradients. In an effort to assess the relative age of the mature cell Log Green Fluorescence (FITC-anti-transferrin receptor) Density (g/mL) fractions throughout the high-K gradients, we assayed two properties that have been proposed to reflect aging of mature RBCs: the percentage of Hb in the AI, form, and the relative proportions of the a and b components of protein 4.1. As has been previously shown for other density gradient the relative proportion of hemoglobin in the A fraction increased with increasing mean cell density (Fig 4A) . Quantitation of protein 4.la and b performed on the same blood samples showed that there was a significant increase in the 4.la component through the least dense 10% of the cell distribution, but this difference was less pronounced throughout the rest of the density separated population. Neither HbAI, nor the 4.la component was particularly increased in the highestdensity populations (Fig 4B) .
DISCUSSION
Several density-based or rate-sedimentation techniques for separating reticulocytes from erythrocytes, and for separating erythrocytes into populations of differing mean cell age, have been d e~e l o p e d .~-~ Our study differs from these in showing that highly enriched populations of reticulocytes can be obtained from normal blood in a one-step density separation on gradients containing a high-K concentration to approximate the internal cation composition of RBC. This method results in isolated populations of up to 80% reticulocytes, a much greater enrichment of normal reticulocytes than previously achieved using high-Na medium or other density-based methods.25 For even greater reticulocyte enrichment, low-density populations isolated on KCI gradients are incubated and recentrifuged in NaCl medium, which promotes selective increase in density of the youngest reticulocytes. The most dense fractions from the secondary separation are almost all reticulocytes. Although affinity based techniques also yield highly enriched reticulocyte populations, they only select fibronectin or transferrin receptor-bearing reticulocytes, and recovery of the cells after isolation in an undamaged state is problematic.
We have shown that the improved isolation of reticulocytes in high-K medium is attributable to the suppression of KCl loss and cell dehydration via the K-Cl cotransporter, which is active in reticulocytes but is suppressed upon erythrocyte maturation.% It should be noted that even if high-K gradients are used, reticulocyte separation is less effective if the blood is drawn into ACD anticoagulant. This is caused by transient activation of KCl cotransport resulting in irreversible dehydration of some reticulocytes. This mechanism of pH effects on RBC-density-distribution differs from that discussed by Walter et al. 27 They found that separation at low pH resulted in an increase in volume and a decrease in the density of mature rat RBC. Although this would cause increased overlap in density between reticulocytes and erythrocytes, the swelling of mature cells would be largely reversible with return to pH 7.4, whereas the KCl cotransport mediated dehydration of reticulocytes would not.
The distribution of putative markers for aging of mature RBCs HbAI, and protein 4 . 1~ was consistent with the reticulocyte distribution, showing low levels of both markers in reticulocyte-enriched cell populations. There was a progessive increase in both markers with increasing cell density, but this tended to plateau in the last few most dense populations. This suggests that although there may be a general increase in average cell age with increasing density of layers from the KCl gradients, the very highest density cells may not represent a highly enriched population of the oldest cells.
These studies show a convenient, highly effective approach for selective separation of reticulocytes from mature erythrocytes in normal blood samples via exploitation of their C1-dependent K transport function. We anticipate that its capacity to provide imymxd recovery of reticulocytes in free suspension will facilitate investigation of a wide variety of fundamental biological questions.
ACKNOWLEDGMENT
The authors thank Margaret Rheinschmidt for her generous consultation on the flow cytometric analysis of reticulocytes. We also gratefully acknowledge both the technical expertise and theoretical support from Steve Tanaka on the HbAl, analysis. We acknowledge the technical assistance of Hung Manh Nguyen.
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
